In clinical patient monitoring scenarios, the detection of hemorrhage is still a major problem. Traditional vital signs like heart rate and blood pressure are insensitive to blood loss due to compensatory mechanisms in the body that can sustain these parameters until shortly before cardiovascular collapse. These compensatory mechanisms during blood loss are primarily driven by the autonomic nervous system. Heart rate variability analysis is a viable tool in the quantitative analysis of the autonomic nervous system and shows promising results in the context of hypovolemia detection. In order to investigate if HRV parameters suitably reflect a mild to moderate blood volume reduction, we conducted a lower body negative pressure test study with 30 volunteering participants thereby simulating progressive central hypovolemia. Here, HRV parameters from the time domain (mean HR, SDNN, RMSSD, rSDRM, pNN50), the frequency domain (VLF, LF, HF, LF/HF), non-linear HRV parameters (SD1, SD2, SD1/SD2, SampEn, ApEn) and the respiratory rate (RR) were collected. The changes of the evaluated parameters as a consequence of the reduced blood volume were statistically evaluated. A statistically significant deviation from their baseline values could be found for RMSSD, rSDRM, pNN50, HF, LF/HF, SD1 and SD1/SD2 at a chamber pressures starting at −30 mmHg. Therefore, we support the proposition that heart rate variability analysis can help in detecting otherwise occult hypovolemia.
Introduction
Undetected hemorrhage is still a major problem in clinical patient monitoring. Traditional vital signs like heart rate and blood pressure are insensitive to blood loss due to compensatory mechanisms in the body that can sustain these parameters until shortly before cardiovascular collapse [7] . Therefore, it is desirable to investigate novel cardiovascular parameters that are sensitive even to mild levels of blood loss in order to allow for an early detection of otherwise occult hemorrhage. Heart Rate Variability (HRV) is a viable tool in the quantitative analysis of the autonomic nervous system (ANS). As compensatory mechanisms during hypovolemia are primarily driven by the ANS [8] , HRV analysis could give further insight into the patient status that is not revealed by standard hemodynamic monitoring equipment like blood pressure and oxygen saturation monitors.
Previous studies already showed promising results when using HRV parameters for the detection of impeding cardiovascular collapse ( [2, 5] ). In this work, we investigate if HRV parameters could also be used to indicate a mild to moderate blood volume loss. For this reason, we conducted a lower body negative pressure (LNBP) test study to simulate a blood volume reduction in-vivo and retrospectively analysed the reaction of HRV parameters from the time and the frequency domain, of non-linear HRV parameters and of the respiration.
Material and methods

LBNP study
We conducted the LBNP test study with 30 male healthy volunteers aging between 21 and 35 years. We collected informed consent from all participants prior to the start of the test. After being familiarized with the laboratory equipment, the volunteers were asked to lie down in a supine position with their lower body placed in the LBNP chamber.
Progressive central hypovolemia was induced by stepwise increment of LBNP from 0 mmHg (baseline) over −15 mmHg (mild blood loss, ≈ 10% of total blood volume) and −30 mmHg (moderate blood loss, ≈ 10 − 20% of total blood volume) to −45 mmHg (severe blood loss, > 20% of total blood volume [3] ), where each LBNP stage was sustained for 7 min. Subsequently, the LBNP was gradually reduced until reaching 0 mmHg again, followed by a 10 min recovery period that was also recorded. The study protocol was carried out in accordance with the Declaration of Helsinki. Registration of the study was performed internationally [4] and ethical vote was attained from the ethical commission (Ethics Committee of Charité -University Medicine Berlin, No. EA1/249/17).
Data from the same study has also been used for the evaluation of pulse arrival and pulse transit times. Corresponding results are presented in [12] .
During the study protocol, we recorded the ECG (Einthoven I) from the thorax with a micro-controller based measurement system as it is presented in [11] . The ECG signal was recorded with a sampling rate of 500 samples/s. Individual R-peaks were automatically detected. Subsequently, a manual review of the annotations was conducted, where faulty detections were corrected and ectopic beats were excluded from any further analysis.
HRV parameter estimation
In order to evaluate the development of HRV in the conducted LBNP study, HRV parameters in different domains were calculated. In the time domain, the following HRV parameters were calculated: the standard deviation of normal-to-normal beat intervals (SDNN), the root-mean square of successive normal-to-normal beat interval differences (RMSSD), the ratio between the total variabiliy the short time variability (rS-DRM) and the fraction of adjacent normal-to-normal beats whose lengths differ by more than 50 ms (pNN50) [6] .
In the frequency domain, the power in the very low frequency range (VLF, < 0.04 Hz), the power in the low frequency range (LF, 0.04 Hz-0.15 Hz) and the power in the high frequency range (HF, 0.15 Hz-0.4 Hz) were calculated. Additionally, the parameter LF/HF was calculated as the ratio between LF and HF [6] . Power spectral density estimation has been conducted with the Lomb-Scargle method.
Regarding the non-linear HRV parameters, two HRV parameters were calculated from the return map (i.e. the Poincaré plot) of successive normal-to-normal intervals: the standard deviation along the identity axis of the return map (SD1) and the standard deviation along the perpendicular axis (SD2) [9] . Additionally, the sample entropy (SampEn) and the approximate entropy (AppEn) were calculated [10] .
Respiration rate estimation
For the evaluation of respiratory changes as a consequence of the simulated blood volume reduction induced by the LBNP test, the respiration rate (RR) was estimated from the recorded ECG signal. For this purpose, the RRest toolbox was utilized [1] as follows: First, the amplitude and time values of the detected R-peaks and the corresponding Q-points were used to derive a baseline wander (BW), an amplitude modulation (AM) and a frequency modulation (FM) signal from the ECG. These three signals were then fused by averaging and the resulting signal was interpolated to a uniform sampling rate of 5 samples/s. Next, the respiration rate was extracted by windowing the interpolated signal into time intervals with a length of 32 s, transforming each window into the frequency domain and identifying the dominant frequency component in the frequency interval between 0.67 Hz and 0.5 Hz (i.e. 4 to 30 breaths per minute).
Statistical evaluation
The HRV parameters were estimated based on the last 5 min of every LBNP pressure level. This evaluation interval length corresponds to the suggested length of short-term HRV analysis [6] . A single value per LNBP pressure level was also calculated for the electrically derived respiration rate by taking the median of all RR measurements in the same 5 min intervals.
In order to evaluate if the distribution of the calculated HRV and respiration parameters recorded during the LBNP pressure stages are significantly different to the their corresponding values of the baseline measurements, the paired Wilcoxon signed-rank test was conducted for each recorded pair of HRV parameters and LBNP phases. Additionally, relative changes of each parameter with respect to its corresponding baseline value were calculated in order to investigate subject specific trends in the data. The testing for statistical significance was conducted for a p-value of 0.001.
Results and Discussion
We successfully completed the entire 40 min protocol in 28 of the subjects. The results of the estimated HRV parameters are presented separately for the time domain HRV measures ( LBNP pressures, the HR shows an increase that is found statistically significant from its baseline values only at −45 mmHg. Starting at −30 mmHg, RMSDD and pNN50 are signficantly decreased, whereas rSDRM is the significantly increased.
The frequency domain analysis mainly demonstrates a reduction in cardiac variability in the HF band. The median spectral energy in the RF band is gradually reduced from a median of 485.1 ms 2 during the baseline measurements down to 189.9 ms 2 at −45 mmHg LBNP, corresponding to a median reduction of 57.4 %. In contrast, VLF and LF are not significantly altered by the conducted hemorraghe simulation. Therefore, it can be reasoned that the changes in the LF/HF ratio is mainly caused by the HF component.
Of the non-linear HRV measures, only SD1 showed significant differences to its baseline. At −30 mmHg it is reduced by a median of 25.2 % and at −45 mmHg it is reduced by a median of 35.6 %.
In median, the respiratory rate estimated from an electrically derived respiration signal is gradually increase with increasing simulated blood loss, although statistical significance could not be established for the given significance level.
Conclusion
We investigated the effect of a simulated progressive blood loss on HRV parameters from the time and frequency domain, on the non-linear HRV parameters and on the respiration. It could be established that a part of the evaluated HRV parameters show a significant reaction to a moderate blood volume loss. During a mild blood volume reduction, no statistical significance could be established. Thus, for an early hemorraghe detection, it appears advisable to combine the HRV-based hypovolemia monitoring with other cardiovascular parameters like pulse arrival times or pulse waveform parameters. We are currently focusing our research effort on this sensor fusion approach.
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